Parthenocarpy arises when an ovary develops into fruit without pollination/fertilization. The mechanisms involved in genetic parthenocarpy have attracted attention because of their potential application in plant breeding and also for their elucidation of the mechanisms involved in early fruit development. We have isolated and characterized a novel small parthenocarpic fruit and flower (spff) mutant in the tomato (Solanum lycopersicum) cultivar Micro-Tom. This plant showed both vegetative and reproductive phenotypes including dwarfism of floral organs, male sterility, delayed flowering, altered axillary shoot development, and parthenocarpic production of small fruits. Genome-wide single nucleotide polymorphism array analysis coupled with mapping-by-sequencing using next generation sequencing-based high-throughput approaches resulted in the identification of a candidate locus responsible for the spff mutant phenotype. Subsequent linkage analysis and RNA interference-based silencing indicated that these phenotypes were caused by a loss-of-function mutation of a single gene (Solyc04g077010), which encodes a receptor-like protein kinase that was expressed in vascular bundles in young buds. Cytological and transcriptomic analyses suggested that parthenocarpy in the spff mutant was associated with enlarged ovarian cells and with elevated expression of the gibberellin metabolism gene, GA20ox1. Taken together, our results suggest a role for Solyc04g077010 in male organ development and indicate that loss of this receptor-like protein kinase activity could result in parthenocarpy.
INTRODUCTION
The flower-to-fruit transition, also known as "fruit set, " corresponds to a major developmental shift that transforms an ovary into a fruit (Gillaspy et al., 1993) . This genetically programmed process is coordinated by a complex network of signaling pathways that are activated by interacting endogenous and exogenous cues, although the genetic and molecular factors that control the flower-to-fruit transition remain poorly understood (Ariizumi et al., 2013) . The development of parthenocarpic fruit has been observed under some conditions; this pollination-independent seedless fruit can arise when fertilization is inefficient, mainly due to male sterility. Some naturally occurring tomato genetic parthenocarpy has been identified, and these parthenocarpic mutants have been designated pat, pat-2, and Pat-k/SlAGL6 (Shinozaki and Ezura, 2016; Klap et al., 2017; Takisawa et al., 2018) . The pat mutant is characterized by short anthers, partial male sterility, and the production of small fruits (Mazzucato et al., 1998) . The locus of the gene responsible for pat phenotypes was narrowed down to chromosome 3 (Beraldi et al., 2004) . In addition, the gene encoding SlGA20ox1, the key enzyme for gibberellin (GA) accumulation in the pollinated tomato ovary, is highly expressed in pat ovaries; this is likely to activate GA metabolism and increase GA levels in the unpollinated ovaries, thus triggering parthenocarpy (Olimpieri et al., 2007) . The pat-2 phenotype appears to be caused by a recessive mutation at a single locus on chromosome 4, in a gene encoding a zinc finger homeodomain protein (Nunome, 2016) ; GA also accumulates at high levels in unpollinated pat-2 ovaries (Fos et al., 2000) . Furthermore, it has been shown that fruit set initiation through both pollination-dependent and -independent processes occurs concomitantly with the down-regulation of a family of floral homeotic MADS-box genes, which regulate floral organ identities (Wang et al., 2009; Tang et al., 2015) . Indeed, the loss of function of several MADS-box genes can cause tomato parthenocarpy. For instance, the loss of function of tomato MADS-box 29, tomato MADS-box 5, and DEFENCIENS/TOMATO APETALA3/STAMENLESS result in parthenocarpy, together with abnormal stamen differentiation (Pnueli et al., 1994; Ampomah-Dwamena et al., 2002; Mazzucato et al., 2008; Quinet et al., 2014; Okabe et al., 2019) . Moreover, parthenocarpy was induced in tomatoes that were genetically transformed in order to inhibit stamen development at an early stage of differentiation via the expression of the BARNASE ribonuclease gene under a stamen-specific promoter (Medina et al., 2013) . Although the mechanisms underlying the role of the stamen in parthenocarpy have not yet been fully characterized, it has been hypothesized that stamens could counteract fruit set initiation before pollination in tomato plants, and this may be associated in part with elevated levels of GA (Okabe et al., 2019) .
Flowers and fruits are considered to represent sink organs because their development requires high level of nutrients such as sucrose, as a carbon source (Osorio et al., 2014) . The vasculature within flowers, fruits, and their pedicels is therefore of major importance because it transports nutrients and water to these organs (Rančić et al., 2010) . XYLEM INTERMIXED WITH PHLOEM1 (XIP1) is one of the proteins with a key role in the organization of vasculature in Arabidopsis (Shiu and Bleecker, 2001 ). This protein is a leucine-rich repeat receptor-like kinase (RLK) that belongs to a large family with at least 216 members encoded in the Arabidopsis genome. A loss of XIP1 resulted in modification of vascular bundle organization and abnormal lignification of phloem cells, transforming them to xylem cells (Bryan et al., 2012) .
To identify key regulators of parthenocarpy, the present study characterized a novel tomato parthenocarpic mutant known as small parthenocarpic fruit and flower (spff ), which was isolated from a population where mutations were introduced via exposure to γ-ray irradiation . The spff mutant exhibits small flower formation, male sterility, and increased transcription of GA20ox1 in young ovaries. Furthermore, a rapid highthroughput approach followed by functional validation using RNA interference (RNAi) resulted in the identification of a gene encoding a novel RLK protein.
MATERIALS AND METHODS

Plant Material and Growth Conditions
Tomato wild-type (WT) plants, Solanum lycopersicum "AilsaCraig" and "Micro-Tom, " and spff mutant plants were grown in pots and irrigated daily with Otsuka first and Otsuka second fertilizer solutions under greenhouse conditions in Tsukuba, Japan. The greenhouse was maintained at the ambient temperature and light photoperiod in July and August. WT S. lycopersicum "Micro-Tom" and spff plants for RNA sequence (RNA-seq) analysis, RNAi experiments, and histological analyses were grown in rockwool and irrigated daily with Otsuka first and Otsuka second under vertical farm conditions at 25 • C with a 16/8 h light/dark cycle.
Histological Analysis
Histological analysis of flower tissues was processed as described by Hao et al. (2017) . Wax-embedded floral buds were cut into 10-µm cross-sections, layered onto glass slides, and dried overnight at 42 • C. The cell size and the number of cell layers were evaluated and the significance of group differences were statistically analyzed using Student t test.
Pollen Number and Germination Assay
Pollens were obtained from anthers at the anthesis stage and germinated in 1 mL of pollen germination medium (0.52 M sucrose, 1.6 mM boric Acid, 1 mM CaCl 2 , 1 mM Ca(NO 3 ) 2 , 1 mM MgSO 4 , and 0.01 mM Tris-HCl, pH 7.0). After incubation for 16 h at room temperature, pollen grains were observed under a light microscope. The pollen germination ratio was calculated by dividing the number of germinated pollen (in which the size of the pollen tube is twice or more the diameter of the pollen grain) by the total number of pollen grains; this was defined as the number of pollens observed within one microscopic field. The determinations were made for three replicate biological experiments.
High-Density Genetic Mapping
For genetic mapping by an Infinium assay (Illumina) using the SolCAP single-nucleotide polymorphism (SNP) array 1 , an F 2 population was derived from a cross between the spff mutant (Micro-Tom background) and WT plants (Ailsa-Craig background). Genomic DNA of 44 F 2 plants (43 with spff mutant phenotypes and one with the WT phenotype), together with F 1 , WT Micro-Tom and parental plants of each genotype, was extracted from fresh leaves using Maxwell 16 DNA purification kits, according to the manufacturer's protocol (Promega). A total of 48 DNA samples were then used for the SolCAP analysis, using the method described by Sim et al. (2012) . Of the 7600 markers analyzed, 1956 markers showed polymorphisms that distinguished between Micro-Tom and Ailsa-Craig; these were used for genotyping. SNPs were obtained from the Kazusa Marker Database 2 . For the linkage analysis, we examined the genotypes at the position 59,966,064 bp on chromosome 4 with the tomInf4732 SNP marker, with sequences of AAGCTT and AAGATT in Micro-Tom and Ailsa-Craig, respectively. Each genotype was discriminated using the primers listed in Supplementary Table S1, followed by restriction digestion with Hind III for 8 h at 37 • C.
Mapping-By-Sequencing
For further fine mapping based on the mapping-by-sequencing approach (Abe et al., 2012; Garcia et al., 2016) , an F 2 population was constructed by crossing the spff mutant and WT, in the Micro-Tom background (Supplementary Figure S1) . Genomic DNA was extracted from fresh leaves of F 2 plants that exhibited the spff mutant phenotype, as described above. The same amount of extracted DNA from 20 individual plants was pooled and sequenced by 100 bp paired-end sequencing (HiSeq 2000; Illumina) . Mutation or variant information was obtained using the Bowtie2-Samtools-GATK (Genome Analysis Tool Kit) pipeline (Li et al., 2009; McKenna et al., 2010; Langmead and Salzberg, 2012) . Briefly, Illumina short reads were aligned onto the tomato genome reference SL2.40 by Bowtie2 version 2.2.1 3 with default parameters. Mutations or variants including SNPs or insertion-deletions (Indels) were then detected by GATK version 3.5 (McKenna et al., 2010) . SNPs and Indels that might cause nonsynonymous amino acid substitution, a premature stop codon, or frameshift were identified using HaplotypeCaller, as described previously (McKenna et al., 2010; Pulungan et al., 2018) . Allele frequency datasets were also obtained using GATK. Because the Micro-Tom cultivar is not inbred and relatively many intracultivar variations are present between individuals, we subtracted such intra-cultivar variants from the SNP/Indel datasets using next generation sequencing datasets of several WT Micro-Tom individuals (Pulungan et al., 2018) . Candidate genes with a high SNP/Indel index and reliable read numbers (≥10) were then identified. In this analysis, the SNP/Indel index was calculated as the proportion of sequenced reads that included mutant allele SNPs or Indels, in relation to the WT allele.
Linkage Analysis of the spff Locus
The spff mutant was backcrossed four times with Micro-Tom WT in order to purify the responsible mutation and finally obtain BC 4 F 2 plants (Supplementary Figure S1) . Linkage analysis was performed using DNA extracted from F 2 , BC 2 F 2 , BC 3 F 2 , and BC 4 F 2 populations (Supplementary Table S1 ). Genomic DNA was extracted by DNeasy Miniprep kit (QIAGEN) and amplified by PCR with TaKaRa Ex Taq (TAKARA) and the primer set shown in Supplementary Table S2 . The PCR products were purified by the Illustra ExoStar kit (GE Healthcare) and then sent to Eurofins Genomics for sequencing.
Construction of the RNAi Plasmid
The RNAi construct was designed using Gateway technology (Invitrogen). Total RNA was extracted from WT ovaries using the RNeasy Plant Mini Kit (QIAGEN), followed by the removal of genomic DNA using RNA Clean & Concentrator (ZYMO RESEARCH). cDNAs were then synthesized using the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific). A 521 bp fragment of the Solyc04g077010 transcript was amplified using the KOD Plus kit (TOYOBO); the cDNA was used as the template, and SlXIPRNAiF1 and SlXIPRNAiR1 were the primers (Supplementary Table S2) . The amplicon was then cloned into the donor pBI-sense, antisense-GW vector (INPLANTA INNOVATIONS INC., Japan), allowing expression under the control of the constitutive 35S promoter. The resulting plasmid was introduced into WT Micro-Tom by Agrobacteriummediated transformation using A. tumefaciens GV2260 (Sun et al., 2006) . Transgenic lines were selected on Murashige and Skoog (MS) agar plates containing kanamycin (100 mg L −1 ).
RNA Sequencing
Ovaries were collected from flowers at anthesis, separated into three replicates (15-17 ovaries in each replicate) and ground in liquid nitrogen. Total RNA extraction from the ovaries and subsequent cDNA synthesis were performed as described above. Genome-wide RNA expression levels were analyzed by HiSeq (Illumina) with 100 bp single-end reads. The raw reads were subjected to quality filtering before employing the TopHat2-Cufflinks pipeline to calculate the number of reads and calculate expression levels using the reads per kb of transcript per million mapped reads (RPKM), as described previously . Comprehensive data were analyzed using multiple t tests (p < 0.05), followed by the Bonferroni correction method, with false discovery rate analysis. Genes with mean RPKM values of ≥1 (three replicates) were considered to be expressed. Genes were considered differentially expressed if the log2 fold ratios were ≥ 1.0 or ≤ −1.0, with false discovery rate adjusted p values (q values) of < 0.05.
Expression Analysis by Quantitative Reverse Transcription PCR (qRT-PCR) and RT-PCR
For qRT-PCR analysis, the leaves were ground to a fine powder in liquid nitrogen. Total RNA extraction from the samples and subsequent reverse transcription reactions were performed as described above. PCRs were carried out by the CFX96 system (Bio-Rad), using the SYBR Premix Ex Taq kit (TaKaRa) and the appropriate gene-specific primers (Supplementary Table S2 ) according to previously described procedures (Shinozaki et al., 2015) . Technical triplicates were performed for each sample, with biological triplicates. The expression levels were calculated using the delta-delta CT method (Pfaffl, 2001) , with normalization to the expression of the reference gene, SAND (Expósito-Rodríguez et al., 2008) . For RT-PCR analysis, cDNA synthesis was performed as described above and equal amount of cDNA was used as templete to observe level of SPFF mRNA in various tissues.
In situ Hybridization
The riboprobes used to detect spff transcripts were made from a 775 bp fragment amplified from tomato root cDNAs by PCR using the ishF2-ishR1 primer set. The PCR product was used for subsequent PCR using the ishT7F2-ishR1 primer set for sense, and the ishF2-ishT7R1 primer set for antisense, riboprobes; this introduced the T7 RNA polymerase promoter at the 5 and 3 ends, respectively. Labeled riboprobes were synthesized by in vitro transcription in the presence of digoxigenin-UTP (DIG RNA Labeling kit, SP6/T7; Roche) and used for in situ hybridization. The plant tissue processing and in situ RNA hybridization experiments were performed following the protocol described by Sicard et al. (2008) . Primer sequences used in this study are shown in Supplementary Table S2 . For the comparative analysis between WT and spff mutant, both WT and spff mutant samples were mounted on the same glass slides to allow the direct comparison under the same condition.
RESULTS
Identification of the Single Recessive Parthenocarpic spff Mutant
A visual screening of tomato M 3 populations obtained after γ-ray irradiation-induced mutagenesis in the genetic background of Micro-Tom, a dwarf and rapid growth variety (Matsukura et al., 2007; Saito et al., 2011) , resulted in the isolation of a mutant line (TOMJPG4121) that produced small seedless parthenocarpic fruit ( Figure 1A ). These plants also produced smaller flowers than the WT plant, particularly due to their narrower petals and shorter anthers ( Figure 1B) . We therefore called this line the spff mutant. Although the spff mutant did not produce seeded fruits by practical self-pollination, crossing WT pollen to the spff stigma did result in seeded fruits ( Figure 1A) ; these F 1 seeds germinated normally, suggesting that spff is male-sterile, with the ovary retaining substantial fertility. Furthermore, all of the resulting six F 1 plants exhibited normal flower morphology, with no evidence of parthenocarpic ability, indicating that these mutant phenotypes were recessive. Thirty-three out of 109 F 2 progenies obtained through crossing with the WT cultivar Micro-Tom, and 43 out of 186 F 2 progenies obtained through crossing with the WT cultivar Ailsa-Craig, exhibited the spff mutant flower morphology and parthenocarpy phenotypes ( Table 1 and Supplementary Figure S2) . These segregation ratios corresponded to the expected 3:1 for a single recessive gene (Chi-squared = 1.62 for Micro-Tom and 0.35 for Ailsa-Craig background at p < 0.05 ). These data suggested the presence of a monogenic recessive mutation in the spff line. In the spff and WT cultivar Micro-Tom or Ailsa-Craig F 2 populations, anthesis of the first flower was delayed in the plants with the spff phenotype for 19 or 15 days, respectively, as compared to plants with the WT phenotype (Supplementary Figure S3) ; this indicated that the flowering delay trait was tightly associated with the spff flower morphology and parthenocarpy phenotypes.
Characterization of the Pleiotropic Mutant Phenotypes in spff
For detailed phenotypic characterizations, the spff mutant in the M 3 population was backcrossed four times with WT cultivar Micro-Tom pollen to reduce mutagen-induced background mutations (Supplementary Figure S1) . The resulting BC 4 F 2 plants that exhibited spff phenotypes were analyzed. First, we examined the parthenocarpic phenotype in the spff mutant. The spff yielded obligate parthenocarpic fruit under spontaneous production, and this was not observed in WT plants (Figure 2A) . Compared to the pollinated WT fruits, the spff parthenocarpic fruits were smaller and lighter (Figures 2B-E) . For cytological characterization of parthenocarpy at the early developmental stage, we prepared cross-sections of the ovaries at anthesis and examined the number of cell layers and cell size within the pericarp (Figure 3) . The spff mutant cells were significantly larger than the WT cells, by approximately 1.3-fold (WT = 202 ± 17 µm 2 , spff = 272 ± 11 µm 2 ), and spff had fewer cell layers. This suggested that spff parthenocarpy was associated with cell enlargement, rather than active cell division. Further, the smaller flowers produced in spff reflected the presence of smaller constitutive tissues, including the petals, style, and anthers; the clearly defective anther may explain the malesterility of this mutant (Figures 4A-H) . To evaluate the male fertility of spff, cross-sections of the WT and spff anthers at the anthesis stage were compared. The oval-shaped WT anther locules included pollen grains that showed a germination rate of approximately 60 ± 5% (Figures 4D,I,K,L) . In contrast, the spff anther locules were shrunken and contained very few pollen grains, which were unable to germinate (Figures 4H,J-L) ; this indicated that the spff mutant was fully male sterile. In addition, histological observations of the spff and WT ovaries at the bud length 4 mm indicated the presence of equivalent internal structures, except for their size (Figures 4M-O) , consistent with the fact that the spff retained substantial female fertility ( Table 1) . We also found that spff affected plant architecture, with an altered pattern of axillary shoot development ( Supplementary  Figures S4A-C) . The lateral branches of spff showed increased sympodial growth, in which vegetative and inflorescence stems were more actively developed from the individual first axillary buds, leading to a bushy plant morphology. These data characterizing the phenotypes of spff indicated that the mutation conferred pleiotropic effects on both reproductive and vegetative morphology in tomato plants.
We next compared yield potential between WT and spff mutant. Since spff mutant showed significant growth delay compared to WT leading to late fruit production ( Figures 5A,B) , which made it difficult to conduct comparative yield quantification, WT and spff mutant plants were grown in a greenhouse for 112 and 173 days, respectively, until they nearly reached vegetative growth maturation, determining the yield of ripe red fruits as well as the total number of fruits per plant. The yield (total weight) of ripe red fruit in spff mutant was reduced to 28 % of WT albeit longer growth period and higher number of fruits per plant, suggesting less impact of its potential for improving yield (Figures 5C-F) .
Identification of the Gene Associated With the spff Phenotype
The spff mutation was mapped using an F 2 population obtained by crossing spff mutants (Micro-Tom background) with WT plants (Ailsa-Craig background) by an Illumina SNP Infinium analysis with the SolCAP array (Sim et al., 2012 Figure 6A and Supplementary Figure S5) . No other possible candidate loci were detected, consistent with the fact that the spff phenotypes reflected a monogenic recessive mutation ( Table 1) . According to the Kazusa Marker Database 3 (based on SL2.40), this candidate region included 267 protein-coding genes. The tomInf4732 SNP, which discriminated between Ailsa-Craig and Micro-Tom alleles within the candidate region using primer set F4-R4 (Supplementary Table S2) , was used to further genotype 73 F 2 plants. These included 43 plants with spff phenotypes and 30 with WT phenotypes, allowing us to narrow down the region of interest to 2.0 Mbp, which included 205 genes.
We next employed mapping-by-sequencing (Abe et al., 2012; Garcia et al., 2016) of an F 2 population derived by crossing spff with WT in a Micro-Tom background. DNA from 20 individual mutant phenotype F 2 plants was sequenced by Illumina HiSeq, and cleaned reads were mapped onto the cultivar Micro-Tom reference genome; polymorphisms were substituted against the cultivar Heinz reference genome version SL2.40 (Kobayashi et al., 2014) . The Bowtie2-Samtools-GATK pipeline identified and calculated the frequencies of potential spff -specific SNPs and Indels. This analysis identified 77 mutant homozygous SNPs and Indels within the region narrowed down by SNP Infinium analysis (Supplementary Table S3 ). These 77 mutations were present in the coding regions of 46 genes, which were considered to represent candidate genes for Table S4 ). Five of these candidates (Solyc04g076020, Solyc04g076100, Solyc04g076250, Solyc04g076320, and Solyc04g077010) were chosen for further linkage analysis. These were selected because of their relatively high expression levels in flowers and fruits, according to tomato eFP browser (Winter et al., 2007; The Tomato Genome Consortium, 2012) , and because of the predicted impact of the mutation on the encoded protein. Their linkages with the spff phenotypes were analyzed using marker-based approaches at F 2 and backcrossed populations listed in Supplementary Table S1 with the five primer sets shown in Supplementary Table S2 . The F18-R18 marker for a 2 bp deletion in the Solyc04g077010 gene (Figure 6B) , which encodes an RLK, showed perfect segregation with the spff phenotypes. All of the 83 mutant-phenotype plants, and none of the 80 non-parthenocarpic plants, were homozygous for this mutation; the non-parthenocarpic plants were either heterozygous or azygous for this mutation, while four other mutations were not perfectly linked with the spff phenotypes (Supplementary Table S5 ). We realized that the gene model of Solyc04g077010 in the tomato gene annotation ITAG2.3/SL2.40 differed from the latest ITAG3.2/SL3.0 4 , in which Solyc04g077010 consists of two exons spanning 2871 bp and encoding 957 amino acids. The mutation identified in the present study was located in the first exon and led to a frame shift, which 4 https://solgenomics.net/organism/Solanum_lycopersicum/genome introduced a premature stop codon at position 494 and therefore generated a truncated protein composed of 493 amino acids ( Figure 6C) . RLK proteins are structurally characterized by three conserved domains: a receptor domain containing a varying number of leucine-rich repeats; a transmembrane domain; and a kinase domain that transduces the downstream signal via autophosphorylation (Shiu and Bleecker, 2001 ). The RLK protein encoded by Solyc04g077010 harbors a single transmembrane domain between amino acids 505 and 524. This suggested that the mutation would cause a loss-of-function of this protein, thus resulting in the spff mutant phenotypes.
To confirm this, RNAi was used to reduce Solyc04g077010 expression. The RNAi vector targeted the first exon of this gene, which encoded a highly specific receptor domain that was confirmed to be unlikely conserved in other tomato genes encoding RLK proteins by the BLAST search. The RNAi vector was introduced into Micro-Tom plants and three transgenic lines were obtained; these showed significantly reduced mRNA expression of the target protein ( Figure 7A ). These three independent transgenic plants showed resemblance to spff phenotypes such as producing small flowers and fruits with parthenocarpy ( Figures 7B-H) . Further, those RNAi showed complete male sterility, while pollination of WT pollen gave rise to mature viable seeds as observed in spff mutant. These analyses demonstrated that the spff phenotypes resulted from a loss-of-function of this RLK protein-encoding gene.
Vasculature-Specific Expression of SPFF Gene in Flower Receptacle
The in silico expression profile obtained by RNA-seq and RT-PCR analyses (Winter et al., 2007; The Tomato Genome Consortium, 2012) revealed that Solyc04g077010 was expressed in various plant organs, including roots, leaves, buds, and flowers (Supplementary Figures S7A, S8) . Previously published transcriptome data indicated that this gene was expressed in floral organs both before and after anthesis, and transcripts were observed in individual floral organs including the ovary/pistil, anther, petal, and sepal, with the highest expression observed in the ovary/pistil at 1 day before anthesis (Supplementary Figure S7B) . Interestingly, a spatiotemporal analysis of the transcriptome of developing tomato fruits (Fernandez-Pozo et al., 2017; Shinozaki et al., 2018b) revealed vasculature-specific expression of Solyc04g077010 in the fruit pericarp throughout development (Supplementary Figure S7C) . Consistent with this, predominant expression of this gene was also found in fruit internal tissues, columella and placenta (Supplementary Figure S7D) , with a high abundance in thick vascular bundles.
To unravel the spatio-temporal expression pattern of Solyc04g077010 during flower development, in situ mRNA hybridization was performed in WT floral buds at different stages of development. In the early developing 1.1 mm bud, the transcript signal was exclusively observed in the vasculature tissues of the receptacle (Figures 8A,D) . As development proceeded, the SPFF transcripts were also detected in the vasculature of the pedicel (2.9 mm bud) (Figures 8B,E) , and in the vasculature of the columella tissue (4.5 mm bud) (Figures 8C,F) . We also observed reduced SPFF transcripts in receptacle and leaves of spff compared to WT (Supplementary Figure S6A) , indicating that the spff mutation influences both transcript abundance and protein function.
Solyc04g077010 Mutation May Affect Hormonal Regulation at the Transcriptional Level
To obtain insights into the molecular mechanisms underlying parthenocarpy in the spff mutant plant, the ovarian transcriptome at the anthesis stage, corresponding to flowerto-fruit transition, was compared to that of WT plants. Our RNA-seq analysis identified a total of 25 differentially expressed genes; 13 of these were significantly up-regulated in spff plants (log2 fold-change > 1) and 12 were significantly down-regulated (log2 fold-change < −1) (q values < 0.05 for the comparison with WT, Supplementary Table S6) . Notably, the up-regulated genes in the spff ovary included SlGA20ox1 (Solyc03g006880), which encodes a key GA biosynthetic enzyme that is induced by pollination and is also highly expressed during parthenocarpy in the pat mutant (Olimpieri et al., 2007; Serrani et al., 2007b) . In spff, the expression level of SlGA20ox1 was > 10-fold of that observed in the WT plant. This result suggested that GA is involved in the parthenocarpic early transition from flower to fruit exhibited by the spff mutant. To gain further insights into this, we compared our differentially expressed genes with previously published transcriptomic data obtained from GAtreated and -untreated unfertilized ovaries (Tang et al., 2015) . One of our 13 up-regulated genes (SlGA20ox1) and three of our 12 down-regulated genes [Solyc02g078150 (Plant-specific domain TIGR01615 family protein), Solyc12g094620 (catalase), and Solyc05g005150 (F-box/Kelch repeat-containing F-box family protein)] were found in the list of genes that were up-and down-regulated by GA treatment, respectively.
Flower Receptacle Development Is Not Likely to Be Affected in the spff Mutant A database BLASTP search showed that the protein encoded by XYLEM INTERMIXTED WITH PHLOEM1 (XIP1) is the closest homolog to tomato SPFF, with 63% amino acid identity (E-value 0, score 1153 bits, and 77% positives) with the Arabidopsis counterpart (GenBank accession no. BAC42540.1). Arabidopsis xip1 loss-of-function mutants showed excessive anthocyanin accumulation in the leaves and severe defects in plant growth, while fertility was not affected (Bryan et al., 2012) . Here, the spff mutant did not show excessive anthocyanin accumulation in the leaves and showed severe male sterility (Figure 4 and Supplementary Figure S4D) . Nevertheless, the fact that the xip1 mutants altered plant vascular development, represented by intermixed xylem with phloem, suggests a similar function for the SPFF protein, whose expression was indeed localized to vasculature in the fruit and inflorescence tissues (Figure 8 and Supplementary Figure S7C) . To unravel this, we compared xylem-phloem distribution patterns between WT and spff mutant receptacles. Cross-sections of receptacle were stained with Safranin O and Astra blue to visualize lignified (seen as red) and unlignified (seen as blue) tissues. Supplementary Figure S9 shows that the stained receptacle cross-sections did not reveal significant xylem-phloem intermixing in the spff mutant.
DISCUSSION
The Gene Associated With the spff Phenotype Encodes a Putative RLK
Involved in Flower and Fruit Development
This study aimed to identify and characterize the gene underlying a newly isolated tomato mutant, named spff, which showed parthenocarpy and floral organ dwarfism as its major phenotypes (Figures 1-4) . A high-throughput approach combining highdensity genetic mapping (Supplementary Figure S5) and mapping-by-sequencing, followed by conventional genetic linkage analysis (Supplementary Tables S3-S5 ), allowed the rapid identification of a potential causal mutation in a gene located on chromosome 4, Solyc04g077010 (Figure 6 ). This gene encodes a potential RLK that appeared to be mainly expressed in the receptacle of young floral buds (Figure 8 and Supplementary Figure S6) . A 2 bp deletion mutation was identified, which introduced a premature stop codon that leads to the production of a truncated RLK protein (Figure 6 ) as well as to reduced transcript abundance (Supplementary Figure S6) . Using RNAi approach, we confirmed that the spff phenotypes could be reproduced by silencing Solyc04g077010 (Figure 7) , and thus concluded that this is the causative gene for the spff mutant.
The Solyc04g077010 homolog in Arabidopsis, xip1, was reported to be involved in vascular bundle differentiation (Bryan et al., 2012) . The xip1 mutant shows aberrant xylemlike cells within the phloem in inflorescence stems. Although Solyc04g077010 appeared to be expressed in close vicinity to the vascular bundle (Figure 8 and Supplementary Figures  S6, S7) , xylem-like cells were not present within the phloem (Supplementary Figure S9) . Moreover, fertility was not affected in Arabidopsis xip1 mutant plants, where the inflorescence stems are shorter than those of the Col-0 accession plants, and the cotyledons and rosette leaves show a purple color, indicative of anthocyanin accumulation. Since these phenotypes were not observed in the present spff mutant (Figures 1, 4 and Supplementary Figure S4) , Solyc04g077010 does not seem to be a functionally conserved ortholog of XIP1. It is more likely to be a novel gene that has possibly acquired a specific function in tomato, although further analyses are needed to confirm this functional dissimilarity with the Arabidopsis XIP1 gene.
Hypothesis for How the spff Mutant Induces Parthenocarpy
Parthenocarpy can mimic the molecular mechanisms underlying pollination-dependent ovary growth (Li et al., 2014) . Fruit set initiation and parthenocarpy are regulated by complex hormone networks. Molecular genetic studies of many mutants/genotypes and transcriptome analyses of early fruit development have suggested that parthenocarpy is in part induced through a hierarchical scheme of temporal regulation by multiple hormones, initiated by the accumulation of auxin; this induces intense cell division, with the subsequent induction of GA metabolism triggering active cell expansion (Martí et al., 2007; Serrani et al., 2007a Serrani et al., , 2008 . Thus, GA should act as the downstream signal and cell expansion most likely plays a crucial role for fruit set initiation in tomato (Serrani et al., 2008; Shinozaki et al., 2015) . The present study revealed that the spff mutant exhibited higher levels of GA20ox1 than WT plants (Supplementary Table S6) ; this is one of the key factors involved in GA biosynthesis in tomato ovaries (Olimpieri et al., 2007; Serrani et al., 2007b) . Further, three GA-down regulated genes (Solyc02g078150, Solyc12g094620, and Solyc05g005150) were found in the list of differentially expressed genes identified by the RNA-seq analysis in the unfertilized ovary of spff mutant (Supplementary Table S6 ). In addition, the small parthenocarpic fruits produced by the spff mutant were characterized by enlarged cells, rather than an increased number of cell layers in the ovary pericarp, most likely due to a lack of intense cell division (Figure 3) . This was consistent with the characteristics of parthenocarpic fruit induced by increased GA sensitivity (Martí et al., 2007) . In contrast, auxin-induced parthenocarpy is associated with intensive cell division in the pericarp, resulting in an increased number of cell layers (Wang et al., 2009) . The spff mutant also showed reduced pollen fertility (Figures 4I-L) , which could reflect an increased GA response (Livne et al., 2015) . These results suggest that the RLK encoded by Solyc04g077010 functions to repress the GA response in reproductive organs, and that spff parthenocarpy may result in part from an increased GA response.
Additionally, the association of parthenocarpy with early male organ developmental abnormality has been observed in tomato plants. Mutations or genetic suppressions of MADSbox genes, which inhibit functional stamen development by causing homeotic conversions, can induce parthenocarpy (Pnueli et al., 1994; Ampomah-Dwamena et al., 2002; Mazzucato et al., 2008; Quinet et al., 2014; Okabe et al., 2019) . Furthermore, the over-accumulation of BARNASE mRNA under a stamen-specific promoter triggers early anther ablation and parthenocarpy (Medina et al., 2013) , while loss of function of SEXUAL STERILITY/HYDRA results in complete male sterility and parthenocarpy (Hao et al., 2017; Rojas-Gracia et al., 2017) . Recently, a tap3 mutant has also been described in which stamens are converted into a carpelloid structure and GA over-accumulates in unfertilized ovaries, most likely due to the overexpression of GA metabolism genes such as GA20ox1 (Okabe et al., 2019) . Taken together with the fact that the spff mutant shows male sterility and GA20ox1 is highly expressed in the unfertilized ovary of the spff mutant (Supplementary Table S6) , it is possible that parthenocarpy in the spff mutant involves increased levels of GA20ox1 transcripts through the association with male sterility. Since our transcriptome analysis revealed no differential expression of MADS-box genes between WT and spff mutants (Supplementary Table S6) , and no homeotic conversion phenotypes were observed in the spff mutant (Figures 1, 4) , the association of floral homeotic genes with the Solyc04g077010 gene, and the mechanisms involved in GA20ox1 gene regulation, require further elucidation.
The in situ mRNA analysis showed that Solyc04g077010 was strongly expressed in vascular bundle cells of the floral receptacle and pedicel (Figure 8) . Vascular systems in inflorescence stems are important for nutrient and signal transportation during developmental events in the reproductive organs (Rančić et al., 2010) . We therefore hypothesize that the RLK encoded by Solyc04g077010 may be involved in the transportation of molecular substances essential for normal floral organ development, and that loss-of-function mutations of this gene may lead to the disruption of integrity of such a system, which may then cause anther abortion. Since we identified little cytological evidence for structural differences between the vascular bundles observed in WT and spff mutant plants (Supplementary Figure S9) , future studies are required to investigate this possibility in more detail.
Although the role of RLK family proteins in the regulation of fruit development has yet to be fully delineated, a celltype specific transcriptome study of tomato ovaries showed that several genes encoding RLKs were enriched in the cluster that is mainly expressed in the funiculus of the developing seed. These included a homolog of the Arabidopsis HAESA gene, which is involved in specifying seed abscission zones, suggesting that the tomato homolog may possess a similar function (Pattison et al., 2015) . Furthermore, silencing of an invertase inhibitor gene in the SlINVINH1-RNAi line, causing increased cell wall invertase activity, was associated with an overall reduction in the transcription of RLK family members in young ovaries, suggesting that RLK may play a role in sensing the modification of cell wall components, thereby regulating downstream gene expression (Ru et al., 2017) . Elucidation of RLK activities, including the identification of ligands and kinase domain target proteins, would provide valuable insights into the involvement of RLK proteins in the regulation of fruit development.
CONCLUSION
In conclusion, this study identified a novel tomato mutant showing parthenocarpy and this was caused by the loss of function in the gene encoding a receptor kinase gene designated as SPFF. The parthenocarpic variety potentially shows improved fruit productivity due to increased fruit set efficiency (Shinozaki et al., 2018a) , although the spff produced delayed growth, smaller mature fruits and reduced yield compared to WT (Figure 5) . Such unfavorable traits render this mutant less attractive for breeding application, but it would be interesting to identify hypomorphic (weaker) alleles of spff carrying less detrimental phenotypes through screening from TILLING populations or genome editing approaches Shimatani et al., 2017) , and investigate their potentials for impact on breeding application.
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